The electronic properties of single-walled carbon nanotubes (SWNTs) are altered by intertube coupling whenever bundles are formed. These effects are examined experimentally by applying Rayleigh scattering spectroscopy to probe the optical transitions of given individual SWNTs in their isolated and bundled forms. The transition energies of SWNTs are observed to undergo redshifts of tens of meVs upon bundling with other SWNTs. These intertube coupling effects can be understood as arising from the mutual dielectric screening of SWNTs in a bundle.
Single-walled carbon nanotubes (SWNTs), with diameters of nanometers and lengths up to millimeters, are prototypical one-dimensional (1D) systems [1] [2] [3] . This 1D character leads to many unique physical phenomena in SWNTs [4, 5] , including greatly enhanced Coulomb interactions [6 -10] . Because all the carbon atoms of a SWNT lie on its surface, the physical properties of SWNTs exhibit a strong dependence on the local environment [11] . In particular, the interactions between SWNTs in close proximity with one another, and the corresponding changes in their electronic structure, have received much attention [12 -19] . In addition to the inherent interest in understanding interacting 1D systems, intertube interactions are of substantial technological importance because SWNTs naturally form bundles in typical syntheses [20, 21] . In this Letter, we investigate the role of intertube interactions on the excited-state properties of individual SWNTs. Using Rayleigh scattering spectroscopy, we compare optical transitions of individual SWNTs in both isolated and bundled form. We find that the optical response of a small nanotube bundle is, to a good approximation, just the sum of the contributions from each of the constituents. The optical transition energies are, however, redshifted by several tens of meV. In contrast to previous studies of bundling effects in ensemble samples [17, 18, 22] , we observe no broadening of the spectral features in our single-tube measurements. The experimental results can be understood as the consequence of the dielectric screening provided by an adjacent nanotube. The dielectric screening acts to reduce the manybody interactions of charges in each SWNT, leading to a redshift in the optical transition energies without line broadening. The present investigations complement recent studies on spectral shifts in nanotubes associated with changes in their local physical and chemical environment [18, 19, 23, 24] .
The experimental apparatus of Rayleigh scattering spectroscopy has been described previously [25] . In brief, we generate supercontinuum radiation, a source of highbrightness white light, by passing femtosecond pulses from a mode-locked Ti:sapphire laser through a microstructured optical fiber. This radiation is focused on the nanotube with a spot size of 2 m 2 . The elastically scattered light from the nanotube is collected in a darkfield configuration and analyzed with a spectrometer equipped with a 2D array detector.
The Rayleigh scattering intensity depends on the dielectric function and geometric size of the scattering object. Approximating a SWNT as an infinite cylinder, we obtain a scattering cross section per unit length of ! / r 4 !=c 3 j"! ÿ 1j 2 , where ! is the frequency of the light, r the nanotube radius, and "! the frequencydependent dielectric function. The Rayleigh scattering spectra reflect a nanotube's dielectric response and, hence, probe the electronic transitions. Below we present Rayleigh spectra corrected for the !=c 3 factor to reflect directly the dielectric function of the structure. The simplicity of the Rayleigh response is in contrast with that of Raman excitation spectroscopy in which the observation of electronic transitions can be complicated by the influence of electron-phonon interactions [26] . In our measurements, suspended SWNTs are grown across slit structures by chemical vapor deposition (CVD). The slit structures (100 m 1 mm) are prepared by standard photolithography and wet etching techniques [27] . For the CVD growth of SWNTs, we use a 1-nm-thick Co film as the catalyst and ethanol as the feedstock gas. This procedure yields aligned SWNTs of lengths extending into the mm range [2] . Most of the SWNTs that cross the slit, whether as individual nanotubes or as bundles, maintain the same composition throughout. Sometimes, however, two nanotubes merge into one structure midway across the slit to form a Y-junction structure [Figs. 1(a) and 1(b)]. Alternatively, the growth of part of a nanotube bundle may stop part way across the slit, with only one of the individual constituent nanotubes reaching across the entire gap [ Fig. 2(a) ]. Because the light source in our Rayleigh mea-surements is tightly focused, we are able to examine the electronic transitions at different spatial locations by adjusting the position of the optical probe beam along the 100 m width of the slit. This capability permits us to study an individual SWNT in both its isolated and bundled form.
Shown in Fig. 1 (c) are the Rayleigh scattering spectra for the nanotube Y junction of Figs. 1(a) and 1(b). In this structure, two nanotubes grow from the left edge, meet in the middle of the slit, and merge into a bundle that extends to the right edge of the slit. By recording Rayleigh spectra at different spatial locations, we are able to probe the response of the two nanotube structures (A and B) separately, as well as of the composite structure (A B). The Rayleigh spectrum of A [black curve in Fig. 1(c) ] shows two sharp well-separated resonances in the visible spectral range. From these features, we deduce that we are probing an individual semiconducting SWNT with diameter 1:9 nm [25] . Structure B, on the other hand, displays higher scattering intensity, more peaks in the spectrum, and a larger background in its Rayleigh spectrum [blue curve in Fig. 1(c) ]. These characteristics indicate that structure B is a nanotube bundle, rather than an individual SWNT. The Further results for nanotube structures similar to that in Fig. 2(a) are shown in Fig. 3 . The black traces are Rayleigh spectra of individual SWNTs; the red curves are obtained from the small bundles containing the same SWNTs. In all of the spectra, we can identify the features of the isolated SWNTs in the bundles, but with redshifts in the Rayleigh peak positions ranging from 20 to 56 meV. The induced redshifts are present for both semiconducting and metallic SWNTs: the individual nanotubes of Figs. 3(a) In order to relate the observed intertube effects to the optical transitions, we consider the Rayleigh spectra of the SWNT structures in greater detail. The electronic bands in SWNTs can be understood using zone folding of the graphene electronic structure as a starting point [4] . Associated with each quantized angular momentum in the SWNT there is an electronic band. This band picture is modified when the strong Coulomb interactions in the 1D SWNTs are taken into account [6 -8,28-31] . The electron-electron interactions in a carbon nanotube have two important consequences for the optical properties: they enlarge the band gaps and they lead to the formation of exciton states associated with each band. It has been shown that the exciton states dominate the linear optical transitions in semiconducting SWNTs [6 -9] , although the case for metallic nanotubes is presently less clear.
Since each exciton state has a discrete energy level, the dielectric function of the nanotube "! can be described as the sum of Lorentzian line shapes with a constant nonresonant (NR) background contribution " NR : " "
Here A i , ! i and i are, respectively, the strength, transition frequency, and dephasing rate of the ith exciton transition. While redshifts of comparable magnitude have been previously reported in ensemble studies of bundling, the behavior of the linewidth is quite different. In the ensemble measurements, broadening of the spectral features by a factor of 2 -3 upon bundling is observed [17] . This comparison underscores the utility of probing carbon nanotubes at the single-tube level.
To understand the physical origin of the redshifts of transition energies observed for the nanotube bundles, we compare two types of intertube interactions that have been previously discussed in the literature. One arises from the direct coupling of the electronic states in adjacent nanotubes from overlap of their electron wave functions [12, 14, 15] . The second type of interaction is an electrodynamical coupling in which Coulomb interactions in a SWNT are modified by the dielectric screening induced by other adjacent nanotubes [18] .
To analyze the first type of interaction, we follow the treatment of Maarouf et al. [14] for the quantum coupling between adjacent nanotubes. For a single-particle band state, only states with the same wave vectors along the nanotube have nonzero coupling. The tunneling between these states is characterized by a matrix element t, estimated to be 7 meV in nanotubes of diameters around 2 nm [14] . For coupled electronic states with an energy difference of E, typically hundreds of meV for SWNTs of different chirality, perturbation theory yields tunnelinginduced energy shifts of t 2 =E < 1 meV. In our measurements, we record energies of exciton states, but these should track the corresponding single-particle states and exhibit similar shifts. Therefore quantum tunneling between adjacent SWNTs cannot account for the observed shifts of tens of meVs. The direct coupling mechanism also cannot explain the consistent redshift seen experimentally; direct coupling produces energy shifts of either sign, depending on the relative position of transition energies in the adjacent SWNTs. A model based on such direct coupling [15] has previously been invoked to explain the broadening of optical transitions measured in ensemble samples upon bundling [17] . The lack of analogous broadening in our studies of individual nanotubes, as discussed above, suggests that the broadening may be due to the inhomogeneity in the ensemble samples. Let us now consider the electrodynamical coupling between nanotubes in a bundle. The electron-electron interaction in a SWNT can be partially screened by an adjacent nanotube. Such dielectric screening can have significant effects in 1D structures like SWNTs since many-body interactions are inherently strong in 1D and much of the electric field of a charge extends outside of a nanotube. As mentioned above, the Coulomb interaction increases all the interband energy separations in SWNTs and also leads to the formation of excitons. Theoretical studies predict that the gap-opening effect dominates over the excitonic effect, so that the net effect of Coulomb interactions is an increase in the transition energies [6, 8] . Thus, when the effective strength of Coulomb interaction is reduced by intertube screening, a redshift in the transition energies will result. This behavior is analogous to solvatochromic effects in molecules in solution, which have been extensively studied for -conjugated systems [32] . A similar dielectric screening has also been observed for optical transitions in molecular crystals [33] . To estimate the effect of dielectric screening, we consider the SWNTs as 2-nm dielectric cylinders with a dielectric function of " 10 [34], a value typical of bulk semiconductors. We solve numerically the Coulomb potential produced by a thin disk of charge in an isolated nanotube and in one with an adjacent nanotube. We find that the Coulomb potential is reduced by approximately 20% due to the dielectric screening induced by a single adjacent nanotube [35] . Because the many-body effects lead to changes in the excited-state energies of SWNTs of several hundred meV [6 -9] , such a reduction in the effective Coulomb interaction should induce redshifts of tens of meV, in agreement with our experimental observations. Of course, the numerical value of redshift of a given transition will depend on the precise nature of the many-body interactions within the specific SWNT, as well as on the effectiveness of the dielectric screening induced by adjacent tubes.
In conclusion, we have shown that Rayleigh scattering spectroscopy of suspended nanotube structures provides a means of directly probing intertube interactions in SWNTs. Such intertube coupling leads to redshifts of tens of meV in the energies of optical transitions. Because the energy shifts are comparable to or larger than thermal energies at room temperature, tube-tube interactions are expected to induce appreciable changes in other SWNT properties when they form bundles. The study of tube-tube interactions also addresses the broader questions of the effect of the environment on the behavior of SWNTs. In particular, our proposed mechanism for the intertube interactions -one based on dielectric screening -is quite general and suggests a convenient approach to tune the electronic properties of a specified nanotube.
